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Abstract—When an offshore wind power plant is connected to 
the grid, there is a risk of amplification of certain harmonics and 
appearance resonances at the point of connection due to the 
interaction between the grid network and the wind power plant 
network. Hence, the plant developer is obliged to maintain the 
harmonic distortion at the point of common coupling within the 
planning level limits using harmonic compensation, which is 
usually done by passive filters. In this paper a novel active 
harmonic compensation technique using voltage feedback from a 
non-local bus has been proposed and analyzed. Its effectiveness 
has been demonstrated through real time simulations on a test 
system model.  
Keywords— Harmonic distortion, active power filter, resonance, 
damping, wind power plants. 
I.  INTRODUCTION 
Offshore wind power plants (WPPs) are connected to the 
onshore grid using long high voltage cables, and usually a 
transformer at the grid end. Besides there is a large amount of 
cables in the collector grid increasing the complexity of the WPP 
electrical infrastructure and leading to resonance phenomena. 
The combination of the transformer reactance and the cable 
capacitances and their interaction with the grid impedance can 
lead to the amplification of harmonic distortion levels and 
potential resonances [1]. Harmonic standards like IEEE [2] and 
IEC [3] recommend certain harmonic limits for harmonic 
emissions from individual equipment. For the grid connection of 
WPP projects in the UK, Engineering Recommendation G5/4-1 
[4] defines the planning levels for the grid connection of the non-
linear equipment.
There are different harmonic sources, like the power 
electronic converters, or the non-linear loads in the power 
system network, which generate the harmonic voltages and draw 
harmonic currents. Consequently, there is some amount of 
harmonic distortion. Such a distortion is the resultant effect of 
all the harmonic sources and impedances in the network. When 
a WPP is connected to the network, it adds a lot of cable 
capacitance which is in shunt connection and the transformer 
reactance in series. Therefore, the harmonic impedance 
characteristic of the grid changes and depending upon the 
impedance values of the grid and the wind power plant, there 
might be an amplification or attenuation of the harmonics at the 
point of connection (POC). If the reactive parts of the grid 
impedance and the WPP impedance cancel each other, i.e. when 
one is capacitive and the other is inductive, there will be a severe 
resonance, which can be hazardous for the system. Such an 
amplification of harmonic distortion at the POC might lead to 
unacceptable levels of harmonic distortion and poor power 
quality. Moreover, the power converters present in the WPP, 
might also be injecting certain amount of harmonics in the power 
system. Consequently, the excessive level of harmonic 
distortion can lead to grid code compliance issues, malfunction 
of protection devices, accelerated aging process of power system 
components or even damage of such vulnerable device as 
switch-mode power supplies (SMPSs). 
Harmonic compensation by emulating the resistive behavior 
at the harmonic orders has been described in literature [5]. It was 
pointed out in [6] that this approach cannot guarantee the 
compensation at the busses upstream in the grid. Hence, it might 
not be able to limit the harmonic distortion at the POC. This 
paper describes the amplification of the harmonic voltage levels 
in the background grid due to the interactions between the grid 
and the WPP impedances at the POC. Harmonic current 
injection from the wind turbines (WTs) in the WPP has been 
ignored in this study. Harmonic compensation strategy has been 
proposed using voltage feedback from the POC (400 kV bus) to 
control the active filter embedded in a STATCOM unit which is 
connected not at the POC, but at another bus in the WPP 
network. The control approach is mathematically analyzed and 
validated by real time simulation on RTDS. 
II. TEST WIND POWER PLANT NETWORK
A test model of the 400 MW Anholt WPP has been modelled 
in RSCAD as shown in Fig. 1 [7]. In this case, the grid 
impedance is given as a frequency dependent characteristic. It 
has been fitted into a rational function applying the vector fitting 
algorithm [8] in RSCAD. The background harmonic levels 
present in the grid is represented by the Thévenin’s voltage 
sources, i.e. the ideal harmonic voltage sources in series with the 
frequency-dependent impedance.  
There are 3x140 MVA, 225/32 kV plant step up transformers 
to connect the collector bus to the 220 kV export cables, which 
consist of 24.5-km submarine cable and 58-km underground 
cables. Finally, it is connected to the onshore grid using two 450 
MVA, 410/233 kV transformers. Shunt reactors are provided at 
both ends of the underground cable for the compensation of 
cable capacitance. Detailed layout of the high voltage (HV) 
cables including the cross-bonding has been used. Trefoil 
formation has been assumed for both the underground and 
submarine cables. 
This work was supported by Energinet.dk through the project “Active 
filter functionalities for power converters in wind power plants” (ForskEL 
program, project number PSO-2014-1-12188). 
  
A STATCOM, connected at the 220-kV bus T2 provides the 
reactive power compensation as well as the harmonic 
compensation by its current control capability. It is assumed that 
it has sufficient bandwidth and voltage ratings to control the 
currents up to the 19th harmonic. Therefore, in this work, it is 
treated as a controlled current source. Moreover, the paper 
describes only the harmonic current injection from the 
STATCOM for active filtering. Hence, the reactive power 
compensation is not described here. 
III. THEORETICAL ANALYSIS 
A simplified equivalent circuit of the WPP along with the 
STATCOM and its controller for harmonic filtering is shown in 
Fig. 2. The following theoretical and static analysis assumes all 
impedances at a specified hth harmonic order. Therefore, the 
analysis should be repeated for the different harmonic orders. 
The interaction among the equivalent grid impedance, Zg, the 
transformer impedance, Ztr, and the equivalent impedance of the 
WPP, Zwpp, as well as the background voltage Vh in the grid 
determines the voltages V1 and V2 at the terminals T1 and T2 
respectively as follows, 
 ଵܸ = ൫௓ೢ೛೛ା௓೟ೝ൯௏೓ି௓೒௓ೢ೛೛ூಷ௓೒ା௓೟ೝା௓ೢ೛೛ 	, (1) 
 ଶܸ = ௓ೢ೛೛௏೓ି൫௓೒ା௓೟ೝ൯௓ೢ೛೛ூಷ௓೒ା௓೟ೝା௓ೢ೛೛ 	. (2) 
When there is no harmonic compensating current injection 
from the STATCOM, the base case harmonic voltages at T1 and 
T2 can be obtained by setting, ܫி = 0 in (1) and (2).  
A. Harmonic compensation using voltage feedback 
The impedance, Zwpp, of the WPP is estimated by the 
frequency scan analysis of the WPP network model. The grid 
impedance data is obtained from the grid operator. The 
transformer impedance is specified in its datasheet. Now, if the 
STATCOM is controlled to inject the harmonic currents as per 
the relation, 
 ܫி = ௄௏భ௓మ . (3) 
Under such a circumstance, the resultant harmonic voltage 
due to the background harmonics, ௛ܸ, in the grid and the 
corresponding amplification ratio at T1, and T2, are given by (4) 
and (5) respectively. 
 
ଵܸ = ௛ܸ ௓ೢ೛೛ା௓೟ೝ(ଵା௄)௓೒ା(௓ೢ೛೛ା௓೟ೝ)
ܣଵ = ௏భ௏೓ =
௓ೢ೛೛ା௓೟ೝ
(ଵା௄)௓೒ା(௓ೢ೛೛ା௓೟ೝ)
		ቑ  (4) 
 
 
ଶܸ = ௛ܸ ௓ೢ೛೛ି௞௓೟ೝ(ଵା௄)௓೒ା(௓ೢ೛೛ା௓೟ೝ)
ܣଶ = ௏మ௏೓ =
௓ೢ೛೛ି௞௓೟ೝ
(ଵା௄)௓೒ା(௓ೢ೛೛ା௓೟ೝ)
		ൢ  (5) 
The static characteristic of the amplification ratios, A1 and 
A2 in (4) and (5), are shown in Fig. 3. The harmonic voltage 
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Fig. 1.  WPP electrical network model. 
Fig. 2.  Simplified wind power plant model with compensation at T2 based on 
T1 voltage feedback. 
 
Fig. 3.  Amplification at T1 and T2 due to the compensation ܫ௙ = ௞௏భ௓మ  at T2 
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Fig. 4.  Generation of the harmonic current references for the STATCOM. 
  
amplification ratios at T1 and T2 are unity for ܭ = −1. This 
means, that under such circumstances, the harmonic currents 
will not flow from the grid into the WPP and, therefore, there 
will not be any change in harmonic distortion due the grid 
connection of the WPP.  
The plot also shows that the harmonic amplification at the 
bus T1 could be reduced to very low levels, below the 
background levels by controlling the value of the gain K in the 
voltage feedback (3).  
Of course, this approach requires precise estimation of Zwpp 
in order to map the background distortion Vh at T1. It is believed 
that the knowledge about the WPP electrical infrastructure is 
well known and the impedance assumtion can be trustful. Of 
course, this approach requires precise estimation of Zwpp in 
order to map the background distortion Vh at T1. It is believed 
that the knowledge about the WPP electrical infrastructure is 
well known and the impedance assumtion can be trustful. 
B. Harmonic current compensator 
A block diagram of the harmonic current controller is shown 
in Fig. 4. Specific harmonic voltage components are extracted 
using Park’s transformation, which converts the specific 
harmonic voltage components into the dc quantities along the d 
and q axes, while other harmonic quantities appear as harmonic 
components. The harmonic components are filtered away and 
the dc components are transformed back into phase domain by 
the inverse Park’s transformation. 
The impedance of the WPP network exhibits a frequency 
dependent characteristics. For the specific frrequency it has a 
constant value, which can be inductive or capacitive. This 
impedance is represented by a suitable transfer function. If it is 
inductive, it is given by, 
 ܼ௪௣௣(ݏ) = ܪ஺௉ி(s) = ூಷ
∗(௦)
௏భ(௦) =
ଵ
௅మ௦ାோమ , (6) 
When it is capacitive it is given by (7), as follows, 
 ܼ௪௣௣(ݏ) = ܪ஺௉ி(s) = ூಷ
∗(௦)
௏భ(௦) =
஼మ௦
ோమ஼మ௦ାଵ. (7) 
These transfer functions are match the actual impedance value 
only at the specific harmonic frequency for which it has been 
derived. Hence, a separate transfer function has to be derived 
for separate harmonic frequencies, like the -5th, 7th, 11th, etc.  
Since ܭ = −1, provides unity amplification of the 
harmonic voltages at T1 and T2; and negative values of the gain 
K, ensures lower harmonic voltage amplification, it is decided 
to include the negative sign in the impedance transfer function 
as shown in Fig. 4. The new gain ݇ = −ܭ is denoted by a small 
letter. Individual harmonic current references are thus obtained 
in the phase domain and then added together, to generate the 
overall harmonic current reference for the STATCOM. 
Depending upon the choice of constant or adaptive gain 
constant, tehre are two possibilities as described below. 
1) Harmonic compensator with constant gain k 
When constant gain ݇ = 1 is used, the harmonic voltage 
amplification is unity at both T1 and T2. This implies that there 
will not be any harmonic voltage amplification at both T1 and 
T2 irrespective of the grid impedance variation. In other words, 
the harmonic voltages will settle at the backgroudn harmonic 
levels. Hence, if there was a harmonic attenuation prior to the 
application of the harmonic filter as in the case of the 5th and 7th 
harmonic componenst at T1, they would appear to increase to 
the backgroudn levels due to the application of the filter. At the 
bus T2, all the harmonics appear attenuated in the base case, 
and hence all of them will appear amplified to the background 
levels.  
2) Harmonic compensator with Adaptive controller 
In the next case, the gain k is increased till the harmonic 
voltage at T1, which is considered as the PoC, is brought down 
to the desired limit levels. Since, the curves for the 5th and 7th 
harmonic shows that they are attenutaed prior to the harmonic 
compensation, no compensation is applied to these components. 
The curves in Fig. 3 show that such a compensation will 
increase as the gain k is increased towards unity. Similarly, the 
harmonic voltage levels at T2 will be increased as a result of this 
compensation.  
IV. REAL TIME SIMULATION RESULTS 
The test WPP network has been modelled in detail in 
RSCAD as shown in Fig. 5. The wind turbine units are 
aggregated into 66 MW equivalents units. Moreover, this work 
analyzes the amplification of the background harmonics in the 
grid due to the grid connection of the WPP network. Therefore, 
the harmonic injections from the WT units have been completely 
ignored.  
The individual harmonic voltage components at T1 are 
estimated using Park’s transformations. Then they are scaled by 
the gain k, which can be constant or adaptive depending upon 
the selected mode. It can be switched into constant gain or 
adaptive gain modes in the run-time environment in RTDS. 
Finally, they are negated and multiplied by the transfer function 
equivalent of the grid impedance as described in Section III.  
A. Simulation results with constant gain k=1 
When the compensator was activated with gain k kept 
constant at unity, it was observed that the harmonic voltage 
levels at T1 and T2 settled close to the background levels 
specified in the voltage source, as shown in Table I and Fig. 6. 
There is a good matching of the harmonic voltages of from the 
11th to the 19th orders. The 5th and the 7th harmonic order voltage 
components at T1 get amplified from 0.22% and 0.23% to 0.41% 
and 0.28% respectively Thus they rise towards the background 
harmonic levels.  
Fig. 6 shows the dynamics of the harmonic voltage levels at 
T1 after the compensator is activated at 2s. The dotted lines 
indicate the background harmonic levels before the connection 
of the WPP. The measured harmonic levels are indicated by the 
solid lines or the curved lines for the 5th and the 7th harmonic 
components. 
  
Since this method leads to an amplification for the 5th and the 
7th harmonic components of voltage, it is only of theoretical 
significance as a validation of the concept. In practice, the 
method can be applied only for the harmonic orders which get 
amplified to bring them back to the background harmonic levels. 
Thus, the harmonic voltage amplification ratio at T1 can be 
limited to unity.  
 
 
Fig. 5.  Harmonic compensator with unity gain (a) Background harmonic 
levels (dotted) and the observed harmonic voltage levels (solid or dashed) 
 
Fig. 6.  RTDS model of the WPP with harmonic compensation.  
TABLE I.  VOLTAGE HARMONICS AT T1 AND STATCOM HARMONICS 
CURRENTS FOR UNITY FEEDBACK GAIN. 
Harmonic  5th 7th 11th 13th 17th 19th 
Background 0.50% 0.34% 0.44% 0.49% 0.10% 0.42%
T1 - Base 0.22% 0.23% 0.54% 0.55% 0.10% 0.44%
T1-Compensated 0.41% 0.28% 0.44% 0.49% 0.10% 0.41%
T2 - Base 0.22% 0.05% 0.06% 0.08% 0.03% 0.14%
T2-Compensated 0.47% 0.29% 0.46% 0.51% 0.11% 0.50%
Current, If 2.5% 3.2% 5.2% 3.5% 0.3% 0.92%
 
TABLE II.  VOLTAGE HARMONICS AND STATCOM HARMONICS 
CURRENTS FOR ADAPTIVE FEEDBACK GAIN. 
Harmonic  5th 7th 11th 13th 17th 19th 
Background 0.50% 0.34% 0.44% 0.49% 0.10% 0.42%
Limits 0.40%% 0.30% 0.30% 0.20% 0.20% 0.15%
T1 0.22% 0.23% 0.3% 0.2% 0.10% 0.171%
T2 0.22% 0.05% 1.00% 2.40% 0.03% 4.50%
T4 0.35% 0.13% 2.20% 3.40% 0.11% 3.80%
Gain, Kc 0 0 3.5 13 0 29 
Current, If 0 0 12% 19% 0 11% 
  
B. Simulation results with adaptive gain k 
Stringent harmonic limits were set to bring down the 11th, 
13th and the 19th order harmonics down to 0.3%, 0.2% and 0.15% 
respectively. The mode was changed to the adaptive gain and the 
compensator was activated at 20 s. Its performance over a period 
of 200 s is shown in Fig. 7. The slow dynamics depends upon 
the delays introduced by the filters used in the extraction of the 
individual harmonics from the measured three phase voltage 
data, and the time constant of the integral used in the adaptive 
gain. 
The harmonic voltage levels slowly decrease towards the 
specified limit levels. By the end of 15 minutes-period, the 11th, 
13th and 19th order harmonic voltages decrease to 0.3%, 0.2% 
and 0.17% respectively.as shown in Table II. The corresponding 
gains are 3.5, 13 and 29, and the compensating currents are 12%, 
19% and 11% of the nominal rated current for the 11th, 13th and 
the 19th harmonic orders respectively. The harmonic voltages at 
the buses T2 and T4, which lie within the WPP network, get 
amplified to quite high levels, like 4.5% and 3.8% for the 19th 
harmonic order at T2 and T4 respectively. The rise of harmonic 
voltages at T2 and T4 are shown in Fig. 8.  
V. CONCLUSION 
This paper describes the amplification of background 
harmonic voltages due to the gird-connection of an offshore 
WPP is connected to the grid. The amplification occurs, even 
when the WTs are not injecting any harmonics. Afterwards, a 
novel harmonic compensation technique for the active filtering 
of these harmonic voltages using voltage feedback from the 
POC. The technique for harmonic compensation is 
mathematically derived and two cases, one with constant unity 
gain and another with adaptive gain, are described. 
The application of the harmonic compensator is 
demonstrated through the real-time simulation of a on a detailed 
WPP network model in RTDS. The simulated results confirm 
the performance of the proposed harmonic compensation as the 
harmonic voltage levels could be brought down to the 
background harmonic levels (i.e. unity amplification ratio) when 
the unity gain was applied in the voltage feedback. Moreover, it 
was possible to bring them down to the specified limits as low 
as 0.15% even when the background harmonic level remained at 
0.42% for the 19th harmonic. Thus, it proved to be a very 
efficient method to comply with the harmonic requirements at 
the grid. However, such a stringent limit resulted in 
amplification of the harmonic distortion at the buses internal to 
the WPP. Therefore, the impact of such amplification on the 
electrical infrastructure within the WPP should be thoroughly 
assessed to ensure to ensure that the relevant standards and 
design guidelines are not violated. The real-life implementation 
would require such considerations and optimization on a system 
level. 
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Fig. 7. Harmonic compensator with adaptive gain (a) 11th, 13th and 19th 
Harmonic voltage levels at T1. (b) Adaptive gain k (i.e.-K). (c) Harmonic 
current from the STATCOM. 
 
Fig. 8.  Harmonic compensator with adaptive gain. 11th, 13th and 19th 
harmonic voltage levels at T2 and T4. 
